Abstract. Two-dimensional Molecular-Tagging-Velocimetry (2D-MTV) has been used to investigate velocity fields of liquid flow in a micro mixer. Optical tagging was realized by using caged dye. For the first time patterns were generated by structured laser illumination using optical masks. This allows the generation of nearly any imaginable pattern. The flow induced deformation of the optically written pattern is tracked by imaging of laser induced fluorescence. Quantitative analysis of raw image series is carried out by novel "optical flow" based techniques. A comparison to the standard technique of µPIV has also been conducted. Additionally Planar Spontaneous Raman Scattering (PSRS) was applied in order to determine concentration fields for mixtures of ethanol and water.
Introduction
Over the past few years, microfluidic systems have experienced rapid development [1] [2] [3] [4] . Due to the strongly increasing interest in microfluidic devices there is a growing demand for new diagnostic tools for the analysis of flow structures, mixture formation and reaction behaviour directly inside the micro channels. In particular non-intrusive measurement techniques which do not influence the flow and reaction processes in the channels are indispensable. Several reviews are concerned with miscellaneous detection techniques [5] [6] [7] . The present work covers the development of laser based imaging techniques, which can provide comprehensive information about microfluidic mixture formation and flow fields.
Fig. 1 Experimental setup for 2D-MTVrecordings
flow is tagged by structured illumination of a fluorescence dye and the pattern written this way is visualized temporally resolved by a CCD-camera. Tagging is made possible by using a so called "caged dye" [11] which initially does not fluoresce -only after photochemically cracking the bond of a functional group by a UV-Laser pulse the ability to fluoresce is activated. If the UV laser pulse is structured spatially by imaging a mask into the fluid, a well defined pattern of activated dye can be generated within the caged dye loaded flow. The fluorescence of the activated dye structures can now excited continuously by another laser and image series of the deforming fluorescing structures inside the flow can be captured by a fast camera.
Since diffusion occurs in the fluid and therefore the written patterns are spreading with progressing time classical correlation algorithms as used for PIV are only suitable to a limited extent. For this reason a specially adapted intensity gradient based optical flow (OF) estimation technique was further developed [12] [13] [14] . Detailed information about this technique can be found elsewhere [15] [16] [17] [18] .
The experimental setup is shown in figure 1 . As the fluid demineralised water with a "caged dye"-concentration of 500 mg/l (caged Carboxy-Q-Rhodamine, Molecular Probes) was used. For generating the tagging-pattern in the fluid a pulsed XeF-Excimerlaser (COM-PEX 150, Lambda Physik AG) at 351 nm and a pulse energy of 200 mJ and for excitation of the fluorescence the expanded beam of an Argon-Ion laser (Innova 310, Coherent) at a wavelength of 514 nm have been applied. The image of the illuminated mask is demagnified and imaged into the fluid which flows inside the planar micro mixer. A CCD-camera (Imager Compact QE, LaVision) images the fluorescence of the dye patterns deformed by the flow at well defined points in time after the writing process. The camera is triggered with a frequency of 10Hz by a delay generator to guarantee a fixed time delay of 100ms between successive images. Depending on the dimensions of the evaluated flow either a microscope objective (5×, Zeiss) or a macro-objective (50mm, Nikon) is used. Interfering excitation light is suppressed by an optical bandpass filter (OG570, Schott). The measurement procedure has been presented previously in [19] [20] [21] [22] . Figure 2 shows an image sequence generated by the described procedure. This is a typical example for the microfluidic flows investigated so far. The mixing chamber (5 mm × 5mm × 200 µm) is streamed from the left to the right while the four side channels that are intended to create periodically fluctuating flows for mixing purposes remain unused for these investigations.
The mixing chamber generates a widening of the cross section of the flow. In this case a regular dot pattern was used to tag the flow. The dots have a diameter of about 160 µm after the imaging process and their period is three times the diameter. A result of the flow analysis with OF is shown in Figure 3 .
Fig. 3
Temporally averaged velocity vector field calculated from the image series in Figure 2 The illustrated vector field of a stationary flow as it most often appears in micro fluidics is time averaged over ten single vector fields. The vector fields were calculated from the same image sequence. A single vector field contains vectors only at positions were a dot was written into the flow like image 5 shows. Since the dots are moving during the sequence, as shown in Figure 2 , the calculation of velocities is possible in almost the whole chamber. The gaps between the vectors are closing by the averaging process and nearly the entire field becomes visible. The resulting vector field reproduces the anticipated flow field very well.
Reference Measurements and Taylor Dispersion
A disturbing effect which is particularly distinct in micro flows is the so called Taylor dispersion. It is caused by the parabolic velocity profile that is formed between top and bottom plates in a flat channel. By means of this effect the fluorescing patterns blur increasingly during the progressing flow. This issue is drafted in Figure 6 . The kind of detection, which integrates over the depth of the channel, leads to the deformation of the initially punctual pattern to a kind of "comet tail" that can be found for example in Figure 2 . The evaluation results in lower velocities in the front of the moving pattern. Due to the region of the "tail" and higher ones at the fact that the velocity values in the vector field need to be allocated to different levels in the channel it is necessary to modify the evaluation algorithms in order to calculate velocities in a certain depth level. The necessary adjustments to the algorithms could be done provided that the flow is strictly laminar and two dimensional. A parabolic flow profile as shown in Figure 4 leads to assumptions about the resulting velocities after the two dimensional projection when the camera view integrates through the channel depth. The parabolic flow profile is based on a laminar Poiseuille flow. This allows to extend the differential equation for the optical flow calculations to take the Taylor dispersion into account. The concrete arrangements that were used can be found in [5, 7, 8] . The improvements presented there allowed to correct the errors that would result from Taylor dispersion and calculate velocity vector fields that match the conditions in the middle level (apex of the Taylor dispersion parabola). This enables a quantitative comparison of the calculated values with reference values taken by a flowmeter. Therefore tagging measurements in a straight channel with a rectangular profile of 1.12 mm × 200 µm were carried out. Figure 5 shows a result of these measurements. The underlying dot pattern is clearly visible because a velocity calculation is only possible if intensity structures are visible as mentioned previously. The dots measure about 80 µm in diameter and the period is two times the diameter. The mean flow velocity was calculated from the measured velocity vector fields by a local average determination. Because of the correction of the Taylor dispersion the mean flow velocity of this vector field corresponds to the maximum velocity in the middle level of the channel. The flow meter simultaneously detected the volume flow 
Determination of Species Concentrations by Planar Raman Scattering
The determination of density distribution of molecular species in microfluidic systems is realized by planar spontaneous Raman scattering. Due to its extremely low signal yield the application of spontaneous Raman scattering as measurement technique is challenging [23, 24] . Existing approaches only used ether the spectral information or their temporal evolutions. Modern Raman microscopes apply pointwise scanning techniques in order to image species distributions inside or on the surface of microscopic objects. Also direct imaging of a specific Raman band was demonstrated in [25] . Due to the long exposure times necessary the recording of snapshot images of density distributions in instationary mixing processes was not possible yet. Lately single shot Raman measurements were carried out to characterize fuel sprays [26] . In this contribution, instantaneous spatially resolved measurements with an outstanding time resolution are presented. The technique is used to acquire quantitative species distributions of specific species in microfluidic systems for the first time. The procedure has the ability to quantitatively visualize density distributions of certain species by using the characteristic spectral emissions of the participating fluids. The two dimensional measurement procedure uses the fact that different molecular species are clearly distinguishable from each other by means of their characteristic Raman spectra. This "spectral fingerprint" allows to detect features specific to an individual molecular species. Narrow bandpass-filters allow the spectral separation of the Raman scattered light of the relevant band without or with only minor interferences from other species. The local Raman scattered light intensities obtained this way are a direct measure of the density distributions of the examined species since the measured intensities are proportional to the number of molecules of the selected species in the measurement volume. Raman measurements were carried out either in a planar micromixer as well as in the three-dimensional mixing chamber of a multi-lamination mixer produced by Forschungszentrum Karlsruhe (http://www.fzk.de/fzk/idcplg?IdcService=FZK-&node=0899& lang=en) with water and ethanol as two distinct chemical features. For lack of space only results of the investigations in the three dimensional mixing chamber are presented here.
For excitation a pulsed Nd:YAG-laser at 532 nm (Brilliant B, Quantel) was used. The laser beam is formed to a small light sheet (approximately 800 µm thick and 12 mm high) by a lens system and a beam homogenizer. The light sheet selects a plane in the mixing chamber (quartz-cuvette, 10mm x 10mm x 40mm) that is imaged by an image intensified camera (Flamestar III, LaVision) through the Raman filter (633FS1025, LOT-Oriel). The spectral transmission of the Raman filter is chosen so that only the strong ethanol-band at 3000cm -1 is imaged. Both fluids exhibit an OH-band but the one of water is much stronger. Therefore a small amount of light from the OH-band of water is transmitted by the filter as well. For a mixture of two components this unwanted light can easily be removed by a "black-and white"-image correction. In this case the black-image contains the Fig. 9 Planar concentration distribution of ethanol in water during an instationary mixing process in a three-dimensional micro mixer intensities measured of pure water and the "white-image" is taken from pure ethanol. Through a calibration procedure [22] , the measured intensity values are converted to concentration values. Figure 9 exemplary shows a sequence of images acquired during the mixing process of ethanol and water in the mixing chamber. Here the laser sheet selects a plane directly above the inlet channels of ethanol which flows into pure water. The distribution of ethanol is clearly distinguishable from that of water and some interesting features are recognizable.
Conclusions
Two-dimensional Molecular Tagging Velocimetry was successfully applied to determine velocity vector fields in two dimensional micro flows. Comparison with micro-flow measurements showed very good agreement. New evaluation algorithms for inclusion of flow effects resulting from Taylor dispersion were developed by C. Garbe from University of Heidelberg and applied to the experimental data.
Single shot planar spontaneous Raman scattering was successfully applied to micro-mixing devices for the first time and quantitative planar mixing ratios could be extracted. In ongoing work both techniques are coupled in order to enable simultaneous measurements of local flow field and mixing ratio in microfluidic systems.
